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(54) Graphite nanofibers and their use 

(57) A graphite nanofiber material herein provided 
has a cylindrical structure in which graphene sheets 
each having an ice-cream cone-like shape whose tip is 
cut off are put in layers through catalytic metal particles; 
or a structure in which small pieces of graphene sheets 
having a shape adapted for the facial shape of a catalytic 
metal particle are put on top of each other through the 



catalytic metal particles. The catalytic metal comprises 
Fe, Co or an alloy including at least one of these metals. 
The material can be used for producing an electron- 
emitting source, a display element, which is designed in 
such a manner that only a desired portion of a luminous 
body emits light, a negative electrode carbonaceous 
material for batteries and a lithium ion secondary bat- 
tery. 



FIG.1 



CM 

< 

CO 

CM 
CM 




0L 
HI 



Printed by Jouve, 75001 PARIS (FR) 



1 



EP 1 122 344 A2 



2 



Description 

[0001 J Graphite Nanofibers, Electron-Emitting 
Source and Method for Preparing the Same, Display El- 
ement Equipped with the Electron-Emitting Source as 
well as Lithium Ion Secondary Battery 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates to graphite na- 
nofibers, a source of electron emission and a method of 
the preparation thereof, a display element equipped with 
such an electron-emitting source as well as a lithium ion 
secondary battery. More specifically, the present inven- 
tion pertains to graphite nanofibers, which may be ap- 
plied to an electron-emitting source used in the field of 
display devices; an electron-emitting source provided 
with such graphite nanofibers; a method for preparing 
such an electron-emitting source according to the ther- 
mal chemical vapor deposition (thermal CVD) tech- 
nique; a display element equipped with such an elec- 
tron-emitting source; a carbonaceous material for neg- 
ative electrodes of batteries, which consists of the 
graphite nanofibers; and a lithium ion secondary battery, 
which makes use of the carbonaceous material for neg- 
ative electrodes as an active material for the negative 
electrode. The electron-emitting source can ensure a 
high quantity of emitted electrons and can be used not 
only in flat panels such as FED's, but also as an electron 
source for the conventional CRTs. 
[0003] Fig. 1 shows the construction of a typical cold 
cathode ray source. The term "cold cathode ray source" 
means a cathode (or a negative electrode) serving as 
an electron-emitting source, which can emit electrons 
without application of any heat. In this case, a conical 
cathode chip (such as those comprising W, Mo, Si or the 
like) can be formed on an electrode substrate, for in- 
stance, by first applying a metal electrode substrate 2 
(comprising, for instance, W, Mo or Si) onto a substrate 
1 , then forming a dielectric film serving as an electrical 
insulator 3 and a metal gate film (comprising, for in- 
stance, W, Mo and/or Si) serving as a gate electrode 4, 
on the electrode substrate 2, forming a resist film ther- 
eon, forming a hole pattern according to, for instance, a 
photolithography technique, and then removing the met- 
al gate film and the dielectric film immediately below the 
holes through etching to thus expose the electrode sub- 
strate 2. Then a substance is obliquely deposited on the 
substrate while rotating the electrode substrate around 
a line, serving as a central line, vertical to the substrate 
to thus give a conical negative electrode chip 5. If Mo 
as an emitter material is, for instance, deposited on the 
electrode substrate, the direction of the Mo deposition 
is controlled in such a manner that Mo atoms may be 
deposited with in the holes, while the Mo atoms gradually 
fill up the holes and thereafter, a release film is removed 
together with the excessive Mo film deposited on the 
substrate other than the holes to thus give an emitter. If 



the emitter prepared according to this method is used 
in the field of display, however, it can, at present, be op- 
erated only at an electric field on the order of 1 00 V/jim. 
[0004] As has been discussed above, there have con- 

$ ventionally been investigated, for instance, Si and/or Mo 
as materials for cathodes (or negative electrodes), but 
there has recently been investigated the use of carbon 
nanotubes as such a cathode material. A carbon nano- 
tube is a graphite fiber having a cylindrical shape formed 

10 from a helical structure mainly composed of carbon 
6-membered rings and having a multiple structure in 
which a plurality of quite fine cylinders are concentrically 
arranged and either of the ends thereof is opened. The 
nanotube having such a structure is excellent in various 

15 characteristic properties such as electron emission 
characteristic properties, heat resistance and chemical 
stability as compared with those observed for other me- 
tallic materials. Such a nanotube has in general been 
produced according to a variety of methods such as an 

20 arc discharge technique, a laser evaporation technique 
and a plasma CVD technique. Among these, a method 
for preparing carbon nanotubes, which makes use of a 
microwave CVD technique, permits the growth of a car- 
bon nanotube on a specific substrate perpendicularly to 

25 the substrate. The cold cathode ray source (electron- 
emitting source) has only a low quantity of electrons 
emitted at an applied voltage of 3 V/pm on the order of 
1 mA/cm 2 . 

[0005] In addition, there has recently been required 

30 for the development of a battery having a high energy 
density in proportion to the miniaturization of electronic 
devices. For this reason, a high quality lithium ion sec- 
ondary battery has been developed. For instance, there 
has been proposed a lithium ion secondary battery ex- 

35 cellent in the cycle life and having a high discharge 
(service) capacity, which can be produced through the 
use of a carbonaceous material for the negative elec- 
trode such as the foregoing carbon nanotubes each 
having monolayered wall surface. This method makes 

*o the best use of the fact that an intercalation carbon com- 
pound of lithium can easily be formed electrochemically. 
More specifically, if charging a lithium ion secondary bat- 
tery provided with a carbon negative electrode In a non- 
aqueous electrolyte, the lithium in the lithium-containing 

45 positive electrode is electrochemically doped between 
the carbon layers of the negative electrode, the lithium- 
doped carbon layer thus serves as a lithium electrode, 
the lithium is de-doped from the carbon layers as the 
discharge of the battery proceeds and as a result, it re- 

50 turns back to the positive electrode. In this respect, the 
charging rate (mAh/g) of the carbonaceous material per 
unit weight is determined by the amount of doped lithium 
and therefore, it is necessary to increase the degree of 
lithium-doping of the negative electrode as high as pos- 

55 sible in order to ensure a high charging rate of the bat- 
tery. 

[0006] In the case , of the electron-emitting sources 
comprising the conventional carbon nanotubes includ- 
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ing those obtained by growing carbon nanotubes on a 
substrate perpendicularly thereto according to the fore- 
going methods, electrons are emitted from the carbon 
nanotubes through the tip or defective portions thereof. 
For this reason, any conventional carbon nanotubes 5 
cannot presently be used in the applications such as an 
electron source for CRTs, which require a high current 
density. 

[0007] Moreover, in the case of the lithium ion second- 
ary battery, which makes use of the foregoing carbon 10 
nanotubes as a negative electrode material, the carbon 
nanotube should have an open end or defective portions 
in order to ensure the intercalation of lithium ions into 
the nanotube. However, the conventional carbon nano- 
tubes are not always sufficient in this respect. In other *5 
words, the conventional carbon nanotubes cannot per- 
mit the intercalation of lithium ions in a desired sufficient 
quantity or the amount of doped lithium cannot be in- 
creased to a desired level and therefore, the resulting 
electron-emitting source does not have any satisfacto- 20 
rily long cycle life and fast charging ability. 

Summary of the Invention 

[0008] Accordingly, an object of the present invention 25 
is to solve the foregoing problems associated with the 
conventional techniques and more specifically to pro- 
vide a negative electrode material ensuring a high elec- 
tron emission density and an ability of emitting electrons 
at a low electric field, which have never or less been 30 
attained by the carbon nanotube; a carbon-based elec- 
tron-emitting source comprising the negative electrode 
material and a method of the preparation thereof; a dis- 
play element equipped with such an electron-emitting 
source; a negative electrode carbonaceous material for 35 
batteries having a high quantity of doped lithium and a 
lithium ion secondary battery, which makes use of the 
carbonaceous material as an active material for the neg- 
ative electrode thereof and which thus has a sufficiently 
long cycle life, a fast charging ability and a high service *o 
capacity. 

[0009] The inventors of this invention have conducted 
various studies to develop a negative electrode materi- 
al, ensuring a high electron emission density and an 
ability of emitting electrons at a low electric field, and a 45 
carbonaceous material usable as an active material for 
the negative electrode of a lithium ion secondary battery, 
which makes use of the carbonaceous material as an 
active material for the negative electrode thereof and 
which thus has a sufficiently long cycle life, a fast charg- so 
ing ability and a high service capacity. The inventors 
have found that a graphite nanofiber whose structure 
has never been reported can be obtained during the 
growth of a crystal starting from a carbon-containing gas 
and hydrogen gas using the thermal C VD technique and 55 
that the graphite nanofiber possesses excellent electron 
emission characteristics and excellent quality as an ac- 
tive material for negative electrodes used in the lithium 



ion secondary battery and have thus completed the 
present invention on the basis of the foregoing findings. 
[0010] According to an aspect of the present inven- 
tion, there is provided a graphite nanofiber having a cy- 
lindrical structure in which graphene sheets each having 
an ice-cream cone-like shape whose tip is cut off are put 
in layers through catalytic metal pieces or particles; or 
a structure in which small pieces of graphene sheets 
having a shape adapted for the surface shape of a cat- 
alytic metal piece or particle are stacked on top of each 
other in layers through the catalytic metal particles. 
Among these, the graphite nanofiber having a cylindrical 
structure preferably has a through hole, which is vacant 
or filled with amorphous carbon, and has the diameter 
thereof preferably ranging from 10 nm to 600 nm. The 
graphite nanofiber having a diameter of less than 1 0 nm 
has not yet been prepared. On the other hand, those 
having a diameter of more than 600 nm are insufficient 
in the electron emission characteristics. It is preferred 
that the foregoing catalytic metal comprises Fe, Co or 
an alloy including at least one of these metals. The fore- 
going graphite nanofiber is effective as a negative elec- 
trode material having excellent electron emission char- 
acteristics such as a high electron emission density and 
an ability of emitting electrons at a lew electric field. 
[0011] According to a second aspect of the present 
invention, there is provided an electron -emitting source, 
which comprises a carbon layer formed on the surface 
of an electrode substrate or on the patterned surface 
portions of a patterned electrode substrate, wherein the 
carbon layer comprises the graphite nanofiber having 
the foregoing structure. In this respect, it is preferred 
that the electrode substrates on which the foregoing car- 
bon layer is formed are those comprising Fe, Co or an 
alloy including at least one of these metals. These met- 
als have a catalytic effect for forming a graphite nanofib- 
er. An electron-emitting source provided with the graph- 
ite nanofiber would show excellent electron emission 
characteristics such as a high electron emission density 
and an ability of emitting electrons at a low electric field. 
[0012] According to a third aspect of the present in- 
vention, there is provided a method for preparing an 
electron-emitting source, which comprises the step of 
growing a carbon layer on the surface of an electrode 
substrate or on the patterned surface portions of a pat- 
terned electrode substrate, at a layer-forming tempera- 
ture, which does not exceed the heat resistant temper- 
ature of the electrode substrate comprising Fe, Co or an 
alloy including at least one of these metals, using a car- 
bon-containing gas and hydrogen gas according to the 
thermal CVD technique to thus give a growth layer of 
graphite nanofibers having the foregoing structure. 
Those having such growth layer of the graphite nanofib- 
ers may serve as electron-emitting sources and may 
constitute cold negative electrode sources. 
[0013] The electron-emitting source according to the 
present invention may likewise be prepared by collect- 
ing graphite nanofiber powders or particles having the 
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foregoing structure, dispersing them in a solvent to form 
a paste and then applying the resulting paste onto an 
electrode substrate; or immersing an electrode sub- 
strate in a dispersion obtained by dispersing the forego- 
ing powders or particles in a solution and then deposit- 
ing or adhering the powders or particles onto the sub- 
strate through the electro-depositing technique to give 
a desired electron-emitting source. 
[001 4] According to a fourth aspect of the present in- 
vention, there is provided a display element, which com- 
prises a plurality of transparent conductive films having 
a desired pattern, an electron -emitting source formed 
by applying a carbon layer comprising graphite nanofib- 
ers having the foregoing structure on the patterned sur- 
face portions of a patterned electrode substrate, and a 
luminous body opposed to the carbon layer. As men- 
tioned above, this display element is so designed that 
the carbon layer and the luminous body are arranged in 
such a manner that they are opposed to one another. 
For this reason, if arbitrarily selecting the carbon layer 
and the transparent conductive film and an electric volt- 
age is applied thereto, electrons are emitted from the 
carbon layer and only a specific portion of the luminous 
body thus emits light. 

[001 5] According to a fifth aspect of the present inven- 
tion, there is provided a negative electrode carbona- 
ceous material for batteries, which consists of graphite 
nanofibers having the foregoing structure and which is 
doped with lithium in a high rate. The graphite nanofiber 
having a diameter of more than 600 nm never shows 
desired quality such as a high capacity. Such a graphite 
nanofiber has a fine structure approximately Identical to 
that of the conventional carbon nanotube and accord- 
ingly, not only has characteristic properties such as 
those observed for active carbon having a high specific 
surface area, but also has a plurality of opened faces, 
which allows free passage of lithium ions therethrough. 
Therefore, the graphite nanofiber may serve as an ex- 
cellent active material for negative electrodes having 
high charging and discharging capacities of more than 
the theoretical capacity of graphite (372 mAh/g). 
[0016] According to a sixth aspect of the present in- 
vention, there is provided a lithium ion secondary bat- 
tery, which comprises a positive electrode including, as 
an active material for positive electrode, a lithium tran- 
sition metal oxide; a negative electrode including a car- 
bonaceous material as a negative electrode active ma- 
terial; and an organic solvent-based electrolyte, wherein 
the carbonaceous material essentially consists of the 
graphite nanofibers having the foregoing structure. The 
use of such a carbonaceous material would permit the 
production of a lithium ion secondary battery having a 
long cycle life, a fast charging ability and a high service 
or discharge capacity. 

Brief Description of the Drawings 

[0017] The present invention will hereunder be de- 



scribed in more detail with reference to the accompany- 
ing drawings, wherein 

Fig. 1 1s a cross sectional view schematically show- 
5 ing the structure of a typical cold cathode ray source 
of the conventional technique; 
Fig. 2 is a cross sectional view schematically show- 
ing one of the structures of the graphite nanofibers 
according to the present invention; 

10 Fig. 3 Is a cross sectional view schematically show- 
ing another structure of the graphite nanofibers ac- 
cording to the present invention; 
Fig. 4 is a cross sectional view schematically show- 
ing still another structure of the graphite nanofibers 

« according to the present invention; 

Fig. 5 is a schematic diagram for explaining the 
electron emission through the graphite nanofiber 
according to the present invention; 
Fig. 6 is a side cross sectional view of a lithium ion 

20 secondary battery provided with the graphite na- 
nofibers according to the present invention as a 
negative electrode active material; 
Fig. 7 is a transmission electron micrograph (TEM) 
of the graphite nanofiber according to the present 

25 invention; and 

Fig. 8 (A) is a plan view of a substrate with gate elec- 
trodes formed thereon and Fig. 8 (B) is a cross sec- 
tional view of the substrate shown in Fig. 8 (A), cut 
byalinea-a'. 

30 

Description of the Preferred Embodiments 

[0018] The graphite nanofiber of the present invention 
has a cylindrical structure in which graphene sheets 

35 each having an ice-cream cone-like shape whose tip is 
cut off or having a truncated conical shape are put in 
layers or stacked on top of each other in layers through 
catalytic metal pieces or particles and each of which has 
a vacant through hole or a hole filled with amorphous 

40 carbon; or a structure in which small pieces of graphene 
sheets having a shape adapted for the surface shape of 
a catalytic metal piece or particle are stacked on top of 
each other in layers or put in layers through the catalytic 
metal particles. For instance, if the catalytic metal has 

45 a planar facial shape, the graphite nanofiber of the 
present invention has a structure in which small pieces 
of graphene sheets having a shape adapted for the sur- 
face shape of a catalytic metal are put on top of each 
other. Alternatively, if the catalytic metal has a facial 

50 shape, which makes an angle, the graphite nanofiber 
has a structure in which small pieces of graphene sheets 
having a plate-like shape making an angle and adapted 
for the surface shape of a catalytic metal are put on top 
of each other. 

55 [0019] Such a graphite nanofiber can be prepared by 
the thermal CVD technique. For instance, a metal sub- 
strate comprising Fe, Co or an alloy including at least 
one of these metals is placed in a thermal CVD device 
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equipped with an electric furnace, then evacuating the 
device, introducing, into the device, a carbon-containing 
gas such as carbon monoxide or carbon dioxide and hy- 
drogen gas, and growing graphene sheets on the sub- 
strate at a pressure of usually 1 atm and a layer-forming 
temperature, which does not exceed the heat-resisting 
temperature of the metal substrate and is in general a 
temperature of not more than 1500°C, preferably 400 to 
1000*0 to thus form a desired graphite nanofiber. The 
assembly thus obtained by depositing graphite nanofib- 
ers on a metal substrate may serve as an electron-emit- 
ting source. The metal substrate has such a catalytic 
effect that a constituent metal of the substrate can pro- 
mote the formation of the graphite nanofibers. If the lay- 
er-forming temperature is less than 400°C, the growth 
rate of the graphite nanofiber is extremely reduced, 
while if the layer-forming temperature exceeds 1500°C, 
the production process is industrially unfavorable from 
the viewpoint of a high cost required for heat energy or 
a high production cost. For instance, if the graphite na- 
nofiber is used for making a display device, it is neces- 
sary to grow graphite nanofibers at a temperature, which 
does not exceed the heat-resisting temperature of a 
glass substrate. 

[0020] As will be schematically shown in Fig. 2, each 
graphite nanofiber thus grown on a metal electrode sub- 
strate has such a laminated cylindrical structure that 
graphene sheets 12 having a truncated conical shape 
are grown, in a desired orientation, on the surface of a 
metal electrode substrate 11 . The graphene sheets are 
grown, for instance, in such a manner that the edge of 
the tip (head) of the truncated cone is adhered to the 
surface of the metal electrode substrate or the edge of 
the bottom of the truncated cone is adhered to the sur- 
face of the metal electrode substrate. Moreover, the 
structure of each graphite nanofiber may comprise any 
combination of the foregoing adhered conditions. The 
graphite nanofiber thus laminated on the surface of the 
metal electrode substrate has a through hole 13 at the 
center thereof and the through hole is vacant or filled 
with amorphous carbon. Moreover, the graphene sheets 
grow and are laminated with one another while partially 
embedding, between the graphene sheets, particles 14 
of the metal substrate formed during the production 
steps. 

[0021] Each graphite nanofiber may have a structure 
other than that shown in Fig. 2, such as those schemat- 
ically depicted on Figs. 3 and 4. More specifically, if the 
catalytic metal 22 originated from the metal substrate 
has a planar facial shape as shown in Fig. 3, a plurality 
of small pieces of graphene sheets 21 having a planar 
shape adapted for the surface shape of the catalytic 
metal are put on top of each other, on the surface of 
each catalytic metal particle. Moreover, if the catalytic 
metal 22 originated from the metal electrode substrate 
has a facial shape, which makes an angle, as shown in 
Fig. 4, a plurality of small pieces of graphene sheets 21 
having a plate-like shape, which makes an angle, adapt- 



ed for the surface shape of the catalytic metal are put 
on top of each other, on the surface of each catalytic 
metal particle 22. 

[0022] The graphite nanofiber according to the 

5 present invention comprises a mixture of those having 
structures as shown in Figs. 2, 3 and 4. 
[0023] If a layer of the foregoing graphite nanofiber is 
formed on a metal electrode substrate, the resulting car- 
bon-based electron-emitting source equipped with such 

10 graphite nanofibers may substantially be improved in 
the field electron emission characteristics. Specifically, 
electrons may be emitted at a higher current density up- 
on application of a voltage identical to that used in the 
conventional carbon nanotubes and accordingly, the 

15 carbon-based electron-emitting source can certainly be 
used as an electron source for CRTs. An electron emis- 
sion model or mechanism will now be described below 
while taking the graphite nanofiber having the structure 
shown in Fig. 2 as a typical example. As will be clear 

20 from Fig. 5, which schematically shows the electron 
emission through such a graphite nanofiber, the field 
electron emission would be assumed to take place at 
the edge of each graphite nanofiber or at the end of each 
graphene sheet 12. The reference numerals appearing 

25 on Fig. 5 are identical to those shown in Fig. 2. In the 
case of the graphite nanofibers shown in Figs. 3 and 4, 
electrons are emitted according to the same mechanism 
as described above. 

[0024] The carbon layer used for making an electron- 
30 emitting source in the present invention is formed on the 
surface of an electrode substrate, but may likewise be 
formed on the patterned surface portions of a patterned 
electrode substrate. In the latter case, a desired pattern 
can be formed on the surface of an electrode substrate, 
35 for instance, by the known photolithography technique, 
which comprises the step of applying a solution of a 
light-sensitive resin onto the surface of the electrode 
substrate, or by any known printing process to thus give 
an electrode substrate provided thereon with such a de- 
40 sired pattern, followed by the growth of graphite nanofib- 
ers on the specific patterned portion to obtain a carbon 
layer having a desired pattern, which may be used as 
an electron -emitting source. 

[0025] Alternatively, graphite nanofiber powder or 
45 particles can be obtained by removing the growth layers 
of graphite nanofibers formed on an electrode substrate 
and recovering the same. According to the present in- 
vention, the powder is dispersed in a conductive paste 
such as silver paste to prepare a paste, followed by ap- 
50 plying the paste onto an electrode substrate and then 
drying the applied paste layer to adhere the graphite na- 
nofibers to desired positions on the electrode substrate. 
Alternatively, the powder may be dispersed in a known 
electrically conductive solvent to give a dispersion, fol- 
55 lowed by immersing an electrode substrate in the dis- 
persion to thus adhere the graphite nanofibers to de- 
sired positions on the electrode substrate according to 
the electro-deposition technique. The electron emission 
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source or a cold cathode ray source can thus be ob- 
tained according to the present invention. As has been 
discussed above, if the graphite nanofibers of the 
present invention are converted into powder or particles, 
an electron emission source (cold cathode ray source) 
having a desired pattern arbitrarily selected depending 
on each particular purpose can easily be prepared ac- 
cording to the present invention, e.g. by the printing 
technique or electro-deposition technique as mentioned 
above. 

[0026] The present invention also relates to a display 
element, which is provided with the foregoing electron 
emission source comprising a carbon layer having a de- 
sired pattern. Therefore, if a luminous body is formed 
on a transparent conductive film having a desired pat- 
tern, the display element can be designed in such a 
manner that only a specific portion of the luminous body 
can emit light. 

[0027] Then we will explain the carbonaceous nega- 
tive electrode material for batteries and the lithium ion 
secondary battery according to the present invention, in 
more detail below. 

[0028] The carbonaceous negative electrode material 
for batteries and the lithium ion secondary battery ac- 
cording to the present invention have been developed 
on the basis of such a finding that lithium ions can freely 
pass through the graphite nanofibers having the struc- 
ture described above. 

[0029] The carbonaceous material orthe graphite na- 
nofiber can be prepared by the methods discussed 
above. The graphite nanofibers usable herein as a neg- 
ative electrode active material for batteries are obtained 
by removing the growth layers of the graphite nanofibers 
prepared according to the foregoing method and then 
recovering them. A negative electrode (carbon elec- 
trode) can be prepared using this active material by 
kneading the graphite nanofibers and a binder (such as 
a resin such as polyvinylidene fluoride, which is com- 
monly used in the preparation of an electrode) in a sol- 
vent such as dimethyl formamide to give a negative 
electrode mixture. Then the mixture is formed into a 
paste together with nickel meshes to thus form a nega- 
tive electrode. 

[0030] The positive electrode material usable herein 
is not restricted to any specific one inasmuch as the ma- 
terial comprises a sufficient amount of lithium, but a par- 
ticularly excellent result can be attained when a lithium 
transition metal oxide is used as such a material. Exam- 
ples of transition metals preferably used herein are at 
least one member selected from, for instance, cobalt 
and nickel. 

[0031] The foregoing organic solvent-based electro- 
lyte is not likewise restricted to any specific one inas- 
much as it is commonly used as an electrolyte for a lith- 
ium ion secondary battery. 

[0032] An embodiment of the lithium ion secondary 
battery according to the present invention is a coin-like 
one, which is prepared using the carbonaceous material 



of the present invention as the negative electrode active 
material and whose cross sectional view is shown in Fig. 
6. The structure thereof is identical to that of the known 
coin-like battery and can thus be produced according to 

5 the conventional method. More specifically, this second- 
ary battery can be produced by forming a disk-like neg- 
ative electrode 31 using a negative electrode mixture 
prepared by kneading the foregoing graphite nanofibers 
along with desired additives, putting a disc-like positive 

10 electrode 33 on top of the negative electrode 31 through 
a separator 32 and then sealing the electrode assembly 
by sandwiching it between a negative electrode collec- 
tor 34 and a positive electrode collector 35, each collec- 
tor being composed of nickel orthe like, while electrically 

is insulating these collectors with a gasket 36. 

[0033] The present invention will now be described in 
more detail with reference to the following examples, but 
the present invention is not restricted to these specific 
Examples at all. 

20 

Example 1 

[0034] An iron substrate was placed in a known ther- 
mal CVD device and the device was evacuated to a vac- 

25 uum on the order of 1 Pa. Thereafter, a mixed gas of 
hydrogen gas and carbon monoxide gas was introduced 
into the device at 1 atm so that the gas mixture flew 
through the device, while the temperature of the sub- 
strate was raised up to 650*C using an electric furnace 

30 to thus react the gas mixture at this temperature for 30 
minutes. As a result, a graphene sheet grew on the iron 
substrate. In this respect, the concentration of the car- 
bon monoxide gas was adjusted to a level of 30% by 
volume during the reaction. The substrate provided ther- 

35 eon with a carbon layer was removed from the thermal 
CVD device, then the resulting sample was inspected 
for the Raman scattering spectra and as a result, it was 
confirmed that the resulting layer comprised graphite 
because of the presence of spectra peculiar to graphite. 

40 in addition, the sample was observed with a scanning 
electron microscope (SEM) and it was found that a plu- 
rality of graphite nanofibers grew on the iron substrate 
in a curled condition. Moreover, the graphite nanofiber 
was also observed with a transmission electron micro- 

45 scope (TEM) and it was found that each graphite na- 
nofiber had a cylindrical structure in which graphene 
sheets having ice-cream cone-like shape whose tip was 
cut off (or having a truncated conical shape) were put 
on top of each other through metal catalyst particles, as 

so shown in Fig. 2; a structure as shown in Fig. 3 in which 
a plurality of small pieces of graphene sheets 21 having 
a planar shape adapted for the surface shape of the cat- 
alytic metal 22 originated from the metal electrode sub- 
strate were put on top of each other, on the surface of 

55 each catalytic metal particle; or a structure as shown in 
Fig. 4 in which ,if the catalytic metal 22 originated from 
the metal electrode substrate has a facial shape, which 
makes an angle, , a plurality of small pieces of graphene 
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sheets 21 having a plate-like shape, which was curved 
at an angle and adapted for the facial shape of the cat- 
alytic metal 22 were put on top of each other, on the 
surface of each catalytic metal particle 22. Moreover, it 
was also found that the resulting sample comprised a 
combination of these structures. Moreover, it was also 
confirmed that the graphite nanofiber having the struc- 
ture as shown in Fig. 2 had a through hole at the center 
thereof, the through hole was vacant or filled with amor- 
phous carbon and that the graphite nanofibers had the 
structure in which particles of the metal substrate origi- 
nated from the electrode substrate were partially em- 
bedded or intercalated between the graphene sheets to 
thus form cylindrical structure. The diameter of the re- 
sulting graphite nanofiber was found to fall within the 
range of from 1 0 nm to 600 nm. 
[0035] Then the electron-emitting source consisting 
essentially of the graphite nanofiber layer thus prepared 
was inspected for the characteristic properties. As a re- 
suit, it was found that the electron emission was initiated 
at an instance when the applied voltage reached 0.8 V/ 
fim, then the quantity of electrons emitted increased as 
the applied voltage was increased and it reached 1 00 
mA/cm 2 at an applied voltage of 5 V/um In an needle- 
like electron-emitting source, which made use of the car- 
bon nanotubes prepared according to the conventional 
technique, the quantity of electrons emitted was found 
to be 1 mA/cm 2 at an applied voltage of 3 V/um Thus, 
the electron-emitting source according to the present in- 
vention permitted the electron emission at a higher rate 
even at a very low applied voltage as compared with 
that achieved by the conventional electron-emitting 
source. 

Example 2 

[0036] An Inconel (Ni-Cr-Fe alloy) substrate was 
placed in the same thermal CVD device as that used in 
Example 1 and the device was evacuated to a vacuum 
on the order of 1 Pa. Thereafter, a mixed gas of hydro- 
gen gas and carbon dioxide gas was introduced into the 
device at 1 atm so that the gas mixture flew through the 
device, while the temperature of the substrate was 
raised up to 650°C using an electric furnace to thus react 
the gas mixture at this temperature for 30 minutes. As 
a result, a graphene sheet grew on the alloy substrate. 
In this respect, the concentration of the carbon dioxide 
gas was adjusted to a level of 30% by volume during the 
reaction. The substrate provided thereon with a carbon 
layer was removed from the thermal CVD device and 
then the resulting sample was inspected for various 
characteristic properties. As a result, it was found that 
graphite nanofibers grew on the substrate in a curled 
condition like the nanofiber obtained in Example 1 and 
that the resulting graphite nanofiber likewise comprised 
a mixture of those having different structures identical 
to those observed in Example 1 . 
[0037] The electron-emitting source consisting es- 



sentially of the graphite nanofiber layer thus prepared 
was inspected for various characteristic properties and 
it was found that the source could attain a quantity of 
emitted electrons approximately identical to that ob- 
5 served for the source produced in Example 1 . 

Example 3 

[0038] An SUS 304 substrate was placed in the same 

10 thermal CVD device as that used in Example 1 and the 
device was evacuated to a vacuum on the order of 1 Pa. 
Thereafter, a mixed gas of hydrogen gas and carbon 
monoxide gas was introduced into the device at 1 atm 
so that the gas mixture flew through the device, while 

15 the temperature of the substrate was raised up to 650°C 
using an electric furnace to thus react the gas mixture 
at this temperature for 60 minutes. As a result, a graph- 
ene sheet grew on the substrate. Inthis respect, the con- 
centration of the carbon monoxide gas was adjusted to 

20 a level of 30% by volume during the reaction. The sub- 
strate provided thereon with a carbon layer was re- 
moved from the thermal CVD device and then the re- 
sulting sample was inspected for various characteristic 
properties. As a result, it was found that graphite na- 

25 nofibers grew on the substrate in a curled condition like 
the nanofiber obtained in Example 1 and that the result- 
ing graphite nanofiber likewise comprised a mixture of 
those having different structures identical to those ob- 
served in Example 1. 

30 [0039] Then the resulting graphite nanofibers were 
collected, followed by mixing the powdery nanofibers 
with a commercially available silver paste for distributing 
wires (available from NICORA Company) to thus give a 
paste of nanofibers, application of the paste onto a glass 

35 substrate according to the printing technique and then 
drying the same to give an electron-emitting source. 
[0040] The electron-emitting source consisting es- 
sentially of the coated film of the graphite nanofibers 
thus prepared was inspected for various characteristic 

40 properties and it was found that the source could attain 
a quantity of emitted electrons approximately identical 
to that observed for the source produced in Example 1 . 
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Example 4 



[0041] The graphite nanofibers prepared in Example 
1 were collected and mixed and kneaded with polyvi- 
nylidene fluoride (binder) in a solvent (dimethyl forma- 
mide) to give a negative electrode mixture. Then the 
so negative electrode mixture was formed into a pellet to- 
gether with nickel meshes to form a carbon electrode 
(negative electrode). This negative electrode was fitted 
to the usual battery for test and the resulting battery was 
inspected for the charging capacity and the service (dis- 
ss charge) capacity. The structure of the test battery (coin- 
like battery) is as follows: 

Counter electrode: lithium metal; 
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Separator: porous polypropylene film; 
Electrolyte: prepared by dissolving lithium perchlo- 
rate, a an electrolyte, in 1:1 (v/v) mixed solvent of 
ethylene carbonate and dimethyl carbonate in a 
concentration of 1 mole/L; 5 
Dimension of the battery: 20 mm (diameter) x 2.5 
mm (thickness). 

[0042] The foregoing test battery was subjected to re- 
peated charge-discharge cycles at a constant current of 10 
500uA (current density: 0.26 mA/cm 2 ). The end points 
of the charging and discharging were defined to be 0 V 
and 1 .5 V, respectively, as expressed in terms of the bat- 
tery voltage. The capacities of the resulting graphite na- 
nofiber negative electrode were found to be 980 mAh/g « 
for the charging capacity and 930 mAh/g for the dis- 
charging capacity. The results thus obtained clearly in- 
dicate that the graphite nanofiber electrode ensures a 
discharging capacity substantially higher than the theo- 
retical capacity for the graphite electrode on the order 20 
of 371 mAh/g and that the graphite nanofiber electrode 
also shows excellent charging and discharging efficien- 
cies ((discharging capacity/charging capacity) x 100). 

Example 5 25 

[0043] The graphite nanofibers prepared in Example 

2 were collected and a negative electrode was prepared 
by repeating the same procedures used in Example 4 

to evaluate the charging capacity and the discharging 30 
capacity thereof. As a result, it was found that the re- 
sulting negative electrode showed discharging capacity 
and charging and discharging efficiencies which were 
approximately identical to those observed for the graph- 
ite nanofiber electrode prepared in Example 4. 35 

Example 6 

[0044] The graphite nanofibers prepared in Example 

3 were collected and a negative electrode was prepared 40 
by repeating the same procedures used in Example 4 

to evaluate the charging capacity and the discharging 
capacity thereof. As a result, it was found that the re- 
sulting negative electrode showed discharging capacity 
and charging and discharging efficiencies which were *5 
approximately identical to those observed for the graph- 
ite nanofiber electrode prepared in Example 4. 

Example 7 

50 

[0045] As shown in Figs. 8(A) and (B), an Fe film is 
formed on a glass substrate 41 according to the sput- 
tering technique, followed by forming lines 42 of the Fe 
film using the photolithography technique and forming 
gate electrodes 44, which were formed perpendicularly 55 
to the substrate, on the Fe lines through glass ribs 43. 
The substrate provided with the gate electrodes thus 
formed was placed in the same thermal CVD device as 
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that used in Example 1 and the device was evacuated 
to a vacuum on the order of 1 Pa. Thereafter, a mixed 
gas of hydrogen gas and carbon dioxide gas was intro- 
duced into the device at 1 atm so that the gas mixture 
flew through the device, while the temperature of the 
substrate was raised up to 650°C using an electric fur- 
nace to thus react the gas mixture at this temperature 
for 60 minutes. As a result, a graphite nanofiber grew 
on the Fe lines 42 formed on the surface of the sub- 
strate. 

[0046] The cathode substrate provided with the 
graphite nanofiber thus grew was kept to be parallel with 
an anode substrate provided with lines of fluorescent 
body and the both substrates were attracted or adhered 
to each other while evacuating a space between the 
substrates to a vacuum on the order of 1 0* 7 Torr. 
[0047] An electric field of 1 00 V/jim was applied to the 
gate electrode while applying a voltage of several kV to 
the anode. As a result, it was confirmed that the elec- 
trons were emitted from any dots. 
[0048] As has been described above in detail, the 
present invention herein provides graphite nanofibers 
having a specific structure. The graphite nanofiber per- 
mits the production of a carbon-based electron-emitting 
source (a cold cathode ray source) having a high elec- 
tron emission density and an ability of emitting electrons 
at a low electric field, which have never or less been 
attained by the carbon nanotube. The graphite nanofib- 
er of the present invention also penults the production 
of a display element equipped with a carbon-based elec- 
tron-emitting source, which can emit light at a desired 
position on the luminous body thereof. 
[0049] The present invention also permits the produc- 
tion of a negative electrode carbonaceous material for 
batteries having a high quantity of doped lithium and en- 
suring high charging and discharging efficiencies while 
making use of the foregoing graphite nanofibers. More- 
over, it is also possible to provide a lithium ion secondary 
battery, which makes use of the carbonaceous material 
as an active material for the negative electrode thereof 
and which thus has a sufficiently long cycle life, a fast 
charging ability and high charging and discharging ca- 
pacities. 



Claims 

1. A graphite nanofiber having a cylindrical structure 
in which graphene sheets each having an ice- 
cream cone-like shape whose tip is cut off are put 
in layers through catalytic metal particles; or a struc- 
ture in which small pieces of graphene sheets hav- 
ing a shape adapted for a surface shape of a cata- 
lytic metal particle are put on top of each other in 
layers through said catalytic metal particles. 

2. The graphite nanofiber as set forth in claim 1, 
wherein said graphite nanofiber having a cylindrical 
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structure has a through hole, which is vacant or 
filled with amorphous carbon and a diameter there- 
of ranges from 10 nm to 600 nm. 

The graphite nanofiber as set forth in claim 1 or 2, 5 
wherein a constituent metal of said catalytic metal 
particles comprises Fe, Co or an alloy including at 
least one of these metals. 

An electron-emitting source, which comprises a 10 
carbon layer deposited on a surface of an electrode 
substrate or on patterned surface portions of an 
electrode substrate, wherein said carbon layer 
comprises graphite nanof ibers as set forth in any of 
claims 1 to 3. is 

The electron-emitting source as set forth in claim 4, 
wherein said electrode substrate on which said car- 
bon layer is formed comprises Fe, Co or an alloy 
including at least one of these metals. 20 

A method for preparing an electron-emitting source, 
comprising the step of: 

growing a graphene sheet on a surface of an 
electrode substrate or on patterned surface por- 25 
tions of a patterned electrode substrate, which com- 
prises Fe, Co or an alloy including at least one of 
these metals, using a carbon-containing gas and 
hydrogen gas according to a thermal CVD tech- 
nique to thus give a growth layer of graphite na- 30 
nofibers as set forth in any of claims 1 to 3. 

A method for preparing an electron-emitting source, 
comprising the steps of: 

35 

preparing a paste by dispersing graphite na- 
nofiber powder as set forth in any of claims 1 
to 3 in a solvent; and 

then applying said paste onto a surface of an 
electrode substrate; or 40 
preparing a dispersion by dispersing said pow- 
der in a solvent; ' 

immersing an electrode substrate in said dis- 
persion; and 

depositing said graphite nanofibers on said « 
electrode substrate by electro-deposition. 

A display element, comprising a plurality of trans- 
parent conductive films having a desired pattern, an 
electron-emitting source formed by applying a car- so 
bon layer comprising graphite nanofibers as set 
forth in any of claims 1 to 3 on patterned surface 
portions of a patterned electrode substrate and a 
luminous body opposed to said carbon layer, 
wherein said element is so designed that if selecting 55 
said carbon layer and said transparent conductive 
film and applying an electric voltage thereto, elec- 
trons are emitted from said carbon layer so that only 



a specific portion on said luminous body emits light. 

9. A negative electrode carbonaceous material for 
batteries essentially consisting of graphite nanofib- 
ers as set forth in any of claims 1 to 3. 

10. A lithium ion secondary battery, comprising: 

a positive electrode, which includes, as an ac- 
tive material for positive electrode, a lithium 
transition metal oxide; 

a negative electrode, which includes a carbon- 
aceous material as a negative electrode active 
material; and 

an organic solvent-based electrolyte, and 
wherein said carbonaceous material essential- 
ly consists of said graphite nanofibers as set 
forth in any of claims 1 to 3. 
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